Dental implants are one of the most frequently used treatment options for tooth replacement. Approximately 30% of patients with dental implants develop peri-implantitis, which is an oral inflammatory disease that leads to loss of the supporting tissues, predominately the bone. For the development of future therapeutic strategies, it is essential to understand the molecular pathophysiology of human dental peri-implant infections. Here, we describe the gene and protein expression patterns of peri-implantitis bone tissue compared with healthy peri-implant bone tissue. Furthermore, cells from the osteoblastic lineage derived from peri-implantitis samples were immortalized and characterized. We applied microarray, quantitative reverse transcription polymerase chain reaction, fluorescence-activated cell sorting, and Western blot analyses. The levels of typical bone matrix molecules, including SPP1, BGLAP, and COL9A1, in patients with periimplantitis were reduced, while the inflammation marker interleukin 8 (IL8) was highly expressed. RUNX2, one of the transcription factors of mature osteoblasts, was also decreased in peri-implantitis. Finally, the human telomerase reverse transcriptase immortalized cell line from peri-implantitis exhibited a more fibro-osteoblastic character than did the healthy control.
For the long-term stability of dental implants, implants need to be osseointegrated into the alveolar bone (Brånemark et al. 1969) . Osteoblasts both synthesize the organic matrix of bone tissue (Dudley and Spiro 1961) , which is rich in collagen type I, osteocalcin, and alkaline phosphatase (Long 2012) , and control the mineralization process. During the physiological turnover of the bone extracellular matrix (ECM), some osteoblasts are predetermined to become osteocytes (Bonewald 2011) , which are embedded in the calcifying ECM by adjacent osteoblasts (Palumbo et al. 1990 ). In general, osteocytes are important regulators of bone remodeling in response to mechanical stress, for example, by occlusal load of the implant, and in response to hormonal signals (Long 2012) . The cellular metabolism of bone is controlled via hormones-that is, thyroid hormone (Long 2012) and transcription factors, for example, SOX9 (Akiyama et al. 2005) , RUNX2 (Kronenberg 2004) , and OSX (Nakashima et al. 2002) , as well as different signaling pathways via bone morphogenetic proteins (BMPs) (Rosen and Thies 1992) , Hedgehog (St-Jacques et al. 1999) , Notch (Hilton et al. 2008) , Wnt, and fibroblast growth factor (FGF) (Long 2012) . The complexity of this specialized tissue is also reflected in the large number of diseases affecting it (Karsenty and Ferron 2012) .
Therefore, the clinical long-term survival of an osseointegrated implant depends on both systemic and local factors, including implant materials, surface structure, bone quality, mechanical loading, and several systemic diseases, as well as the adherence of bacterial biofilms, which in turn leads to peri-implant infections such as peri-implant mucositis and peri-implantitis (Esposito et al. 1998 ). Peri-implantitis has been found to be a key factor responsible for implant failure , and approximately 30% of patients with dental implants develop peri-implantitis Roos-Jansaker et al. 2006; Mombelli et al. 2012 ). Peri-implantitis is an oral inflammatory disease that affects the surrounding tissue of the implant, predominately the bone. The adhesion of pathogenic biofilms on the implant surface and peri-implant tissues results in bone loss and destruction of soft tissues (Scarano et al. 2004 ). There are possible lead bacteria of peri-implantitis, such as Porphyromonas gingivalis, Prevotella intermedia, and Aggregatibacter actinomycetemcomitans, which are associated with biofilm formation on dental implants (Leonhardt et al. 1999 ). The immune system responds to the bacterial infection by mobilizing neutrophils, macrophages, T cells, and B cells, which then migrate into the lesion (Belibasakis 2014) . During the pathogenesis of peri-implantitis, the loss of alveolar bone leads to instability and, finally, to loss of the implant (Lang et al. 2011) .
A high number of treatment options for peri-implantitis have been described in the literature. They are mainly focused on removal of the biofilm from the implant surface and have been adopted from various treatment strategies for periodontitis, the infection of the natural tooth attachment. These treatments include the application of systemic antibiotics, mechanical debridement with or without systemic antibiotic treatment (Renvert et al. 2008 ), mechanical debridement with or without localized drug delivery and chlorhexidine oral rinses (Rosenberg et al. 1991) , mechanical debridement combined with Er:YAG laser decontamination (Schwarz et al. 2006) , surgical debridement, and surgical debridement with guided bone regeneration for the reparation of bone and soft tissue defects . Unfortunately, none of these therapeutic strategies has proven to be highly effective against peri-implantitis, and a gold standard for the treatment of peri-implantitis and peri-implant mucositis has yet to be defined.
With the increasing use of dental implants and the remaining lack of effective therapeutic options for peri-implantitis, the molecular pathophysiology of human dental peri-implantitis requires further investigation to open the way for new, effective therapeutic options. Our study presents both in vivo and in vitro analyses to compare tissue samples from periimplantitis with healthy tissues from dental implants. The results may provide the basis for the development of new and effective treatment options for peri-implantitis, especially for tissue regeneration of alveolar bone.
Materials and Methods

Patient Characteristics and Tissue Sources
The bone tissue of dental implants was taken from 12 patients with peri-implantitis (Table 1) . Two healthy implants served as controls; these implants were completely osseointegrated and needed to be extracted after 31 and 28 months of clinical-functional use due to nerve irritations. All patients were white and did not have periodontitis. The patients were members of an implant cohort at the University of Goettingen and in a program of intensified oral hygiene; therefore, bleeding on probing and the Quigley-Hein plaque index were negative (for further details, see Table 1 ).
Healthy bone cells of the osteoblastic lineage were derived from one of the patients from whom the implant needed to be removed due to nerve irritation. All patients gave their written informed consent according to the ethics regulations of the University of Goettingen (file number: 22/1/05). 
Cell Isolation and Culture
Standard explant cultures were performed for 3 periimplantitis bone tissues and 1 from an healthy implant. After extraction, the bone tissue sticking to the osseointegrated part of the totally removed implant was scaled off, but it was always ensured that no soft tissues (e.g., gingiva or granuloma tissues) were included. The specimens were washed carefully, 3 times for 1 min with Braunol (cat. 3864219; BBraun, Melsungen, Germany) and finally 3 times for 1 min with phosphate-buffered saline (PBS). After the washing process, each of the bone tissue samples from the dental implants were added to a cell culture dish with Dulbecco's modified Eagle's medium (DMEM) (cat. 21885-025; Invitrogen, Darmstadt, Germany) with 10% fetal bovine serum (cat. 10270; Invitrogen) supplemented with 50 µg/mL gentamycin and 10 mM L-glutamine. After 10 d, outgrown cells were harvested, and 10 3 cells/cm 2 were transferred to a 75-cm 2 flask (cat. 83.1811.002; Sarstedt, Sarstedt, Germany).
Immortalization of Peri-Implant Cells
Virus production. We seeded 5 × 10 5 293T-cells (cat. ACC635; DSMZ, Braunschweig, Germany) into a dish (∅ = 10 cm) and grew them to 80% confluence. On the next day, 10 µg lenti-plasmid-DNA (hTERT) (amsbio, El Toro, CA, USA) and 10 µg packing-plasmid mix (cat. LV053; abm, Richmond, Canada) were mixed together with 1 mL DMEM. Then, 80 µL lentifectin (cat. G074; abm) was mixed with 1 mL DMEM. Both solutions were incubated for 5 min at room temperature (RT), after which they were mixed together to allow for the formation of the transfection complex. After 20 min, 4.5 mL DMEM was added to the transfection complex. The transfection complex mixture was pipetted onto the peri-implant cells, and after 6 h, 0.65 mL heat-inactivated fetal calf serum (FCS) was added. The next day, the medium was carefully removed from the cells, and 10 mL DMEM + 10% heat-inactivated FCS + 1% bovine serum albumin (BSA) fraction V (BL63-0500; Equitech-Bio, Kerrville, TX, USA) was added. After 24 h, the cells had produced enough of the virus; the supernatant was then harvested, centrifuged, and filtered (cat. SLHA033SB; Merck Millipore, Billerica, MA, USA).
Transfection. Freshly trypsinized cells (1.8 × 10 5 ) from the inflamed peri-implant tissues were resuspended in 3 mL of the virus supernatant and 30 µL protaminsulfat (cat. P3369; Sigma-Aldrich, St. Louis, MO, USA). In a 24-well plate, 3 wells were each filled with 1 mL of the above solution. After 6 h, an additional 1 mL of medium was added to each well. The next day, the medium and any dead cells were removed, and the adhered cells received a second treatment of 1 mL virus supernatant together with 10 µl protaminsulfat per well overnight.
Selection. The infected cells were transferred to a 75-cm 2 flask and selected with up to 10 µg/mL blasticidin.
RNA Extraction and Complementary DNA Synthesis
Bone tissue scraped off the implants was frozen in liquid nitrogen and crushed with a pestle to a fine powder. Afterward, the powder was dissolved in 1 mL peqGOLD 
Microarray Analysis and Bioinformatics
Quality control and quantification of the total RNA samples were performed prior to the microarray experiments (Agilent 2100 Bioanalyzer; Agilent Technologies, Palo Alto, CA, USA). We used equal amounts of total RNA from each of the patients. The microarray analysis was conducted at the university transcriptome facility using an Affymetrix wholehuman genome chip (Affymetrix, Santa Clara, CA, USA).
The microarray experiments were performed with 6 samples from patients with peri-implantitis, as well as with 2 samples from healthy implants according to the manufacturer's protocols. A complete list of the genes present on the chip can be found at http://www.affymetrix.com/analysis/index.affx. The data were analyzed using Affymetrix Microarray Suite 5.0. Gene expression was evaluated using Affymetrix Data Mining Tool 3.0. First, the data were curated, primarily from nonzero flag values that indicated absent or poor-quality spots. Next, quantile normalization and logarithmizing followed. A Pearson correlation-based hierarchical clustering approach, including row scaling and Ward's minimum variance method, was chosen. A differential expression analysis with an empirical Bayes statistic of the limma package, moderated gene-by-gene t tests, and P value adjustments via the Benjamini-Hochberg method were then performed. The entire data set is published in a MIAME-compliant format in the GEO database, with the accession number GSE57631 (http://www.ncbi.nlm.nih.gov/geo/).
Quantitative Polymerase Chain Reaction
Primers were designed with the help of primer3. For the primer sequences, see Table 2 . The master mix (cat. 11730-025; Invitrogen) and the polymerase chain reaction (PCR) program were applied as described in the manufacturer's instructions and run in the Mastercycler Realplex2 S (cat. 950021209; Eppendorf, Hamburg, Germany). The relative ratios were calculated according to Pfaffl (2001) . Gels were prepared when necessary by dissolving 1.5% agarose in 50 mL of TE buffer. Then, 3.5 µL Roti-GelStain (cat. 3865.1; Carl Roth, Karlsruhe, Germany) was added to visualize DNA. The PCR product size was detected using a GeneRuler 100-bp DNA Ladder (cat. SM0241; Thermo Scientific, Marietta, GA, USA).
Antibodies
Antibody immunoreactions were performed with the primary antibodies listed in Table 3 , and control reactions were carried out with swine serum instead of the primary antibody. All data shown are representatives of 3 individual experiments.
Immunoblotting
To prepare the samples, we dissolved 1.5 × 10 5 cells in 30 µL 3× sodium dodecyl sulfate (SDS) with 10% β-mercaptoethanol and heated them at 95 °C for 5 min. SDSpolyacrylamide gel electrophoresis (PAGE) was then performed, with 6% acrylamide in the stacking gel and 8% in the separation gel. After SDS-PAGE, the separated proteins were blotted on an Immobilon-P Transfer Membrane (cat. PVH07850; Merck Millipore). General detection of the proteins was performed with Coomassie blue staining. After destaining, the membrane was blocked with 5% milk in TRIS-buffered saline with TWEEN (TBS-T) for 1 h, followed by 5 washing steps with TBS-T. Then, the primary antibodies were dissolved in 5% milk in TBS-T, according to the dilution instructions provided by the manufacturer, and incubated for 12 h at 4 °C. Again, 5 washing steps were performed. Then, secondary antibodies were incubated for 2 h at room temperature, followed by 5 washing steps. Proteins were visualized by applying WesternBright Sirius HRP substrate (cat. K-12043-D10; Advansta, Menlo Park, CA, USA).
To control the immunoreactions of the Western blotting, we incubated membranes with the secondary antibody only. 
Fluorescence-Activated Cell Sorting Analysis
Always 10 6 cells were suspended in 100 µL of PBS containing 1 µL of the primary antibodies and incubated at RT for 1 h in the dark. The cells were then washed twice and centrifuged at 800 rpm for 10 min, and the respective fluorescence-coupled antibody was incubated for 30 min at RT. After thorough washing steps, the cells were subjected to fluorescence-activated cell sorting (FACS) analysis using a FACScan machine (cat. 343524; Becton Dickinson, Mountain View, CA, USA), and 10 5 living cells were analyzed. For gating and normalization, FITC mouse isotype antibodies were applied as controls. For data evaluation, we 
Results
In Vivo Gene Expression Analysis of Healthy and Peri-Implantitis Bone Tissue from Dental Implants
To investigate the overall changes in gene expression between these 2 tissues, we performed a microarray analysis. We show tissue samples from 5 patients with peri-implantitis and 2 healthy samples without any signs of periimplantitis. Heat map clustering clearly separates the gene expression of healthy and peri-implantitis bone tissues into 2 groups (Fig.  1A) . The sixth patient did not show this clear-cut patterning (data not shown). As expected, matrix metalloproteinases (MMPs) such as MMP7 and MMP8 were upregulated in peri-implantitis, while BMPs such as BMP7 were downregulated. Interestingly, the expression levels of BMP2, which is important for the regenerative capacity of bone (Rosen 2009 ), were slightly enhanced in periimplantitis. The osteogenic factor RUNX2 was decreased, which is in line with the degeneration process of the bone. Again, as expected, the inflammatory marker interleukin 8 (IL8) was upregulated, while the antiinflammatory molecule PPARγ was downregulated in periimplantitis. The entire data set is published in a MIAME-compliant format in the GEO database, with the accession number GSE57631 (http://www.ncbi.nlm.nih .gov/geo/).
A selection of relevant genes is listed for ECM molecules, cytokines, and transcription factors (Fig. 1B) . A list of the most significantly regulated genes is found in Appendix Table 1 . Typical ECM proteins of the bone, such as SPP1 (P = 0.55), BGLAP (P = 0.12), COL9A1 (P = 0.23), BMP2 (P = 0.89), and RUNX2 (P = 0.03), were downregulated. FGF18 (P = 0.22), known to play a role in bone development and diseases (Su et al. 2008) , was reduced in peri-implantitis compared with the control. As expected, IL8 was upregulated (P = 0.22). To verify a few of the gene expression results from the microarray, we performed quantitative reverse transcription polymerase chain reaction (RT-qPCR) experiments with the same patient samples. The expression patterns of the results of RT-qPCR largely mirrored the microarray results, but here all results were statistically significant with P values smaller than 0.05. SPP1 (Fig. 1C) , BGLAP (Fig. 1D) , and COL9A1 (Fig.  1E) were downregulated in the peri-implantitis tissues compared with the healthy samples, while IL8 (Fig. 1F) was upregulated in the patients with peri-implantitis. The expression of FGF18 (Fig. 1G ) was lower, BMP2 (Fig. 1H) was upregulated, and RUNX2 (Fig. 1I) was downregulated in the peri-implantitis tissue samples.
In Vitro Protein Expression Patterns of Cells of the Osteoblastic Lineage Derived from the Bone Tissue of Implants from a Healthy Donor or from Peri-Implantitis Patients
The implants extracted from patients with peri-implantitis exhibited cells that migrated out of the attached bone tissue ( Fig. 2A) . After the second passage, we immortalized these cells with hTERT. To verify the immortalization, we performed PCR for hTERT. Only the immortalized cells expressed hTERT, while the controls did not (Fig. 2B) . After immortalization, we characterized protein levels in these cells with FACS analysis. Most of the cells were positive for bone markers such as RUNX2 ( Fig. 2C ) and COL1A (Fig. 2D ). Interestingly, just 21% were positive for SPP1 ( Fig. 2E ). Twenty-nine percent were also positive for the stem cell marker STRO-1 (Fig. 2F) , and 85% were positive for fibrocyte-derived protein (Fig. 2G) . Notably, just a few cells were positive for the premature osteoblast marker SOX9 (Fig. 2H) . These results indicate that the immortalized cells of the osteoblastic lineage derived from the patients with peri-implantitis reveal a fibro-osteoblastic character. Therefore, we compared the protein levels of these cells with the ones of a healthy implant. Coomassie blue staining showed the proper separation of the proteins (Fig. 2I) . The Western blots showed that peri-implantitis cells expressed lower levels of RUNX2 ( Fig. 2J ) and equal levels of SPARC ( Fig. 2K ) and COL1A1 (Fig. 2L ) compared with osteoblastic lineage cells of the healthy implant. As a loading control, α-tubulin was used (Fig. 2M ).
Discussion
Most peri-implantitis studies concerned with the differences between affected and healthy patients focus on microbiological aspects (Heuer et al. 2012 ) and treatment possibilities (Khoshkam et al. 2013; Heitz-Mayfield and Mombelli 2014) . In the present study, we investigated the molecular composition of healthy and peri-implantitis bone tissues with the help of a microarray, as well as qPCR and Western blotting. Typical bone matrix molecules, such as SPP1, BGLAP, and COL9A1, were reduced in the periimplantitis tissues. Furthermore, our data suggest that the cells derived from the osteointegrated part of the implant extracted due to peri-implantitis exhibit a fibro-osteoblastic phenotype with a reduction of RUNX2 expression and enhanced expression of fibrocyte markers. This indicates that in peri-implantitis, osteointegration is eventually lost due to the ongoing infection of a bone tissue that exhibits already a more scar-like, fibrous characteristic rather than those of proper bone tissue. Fibroblasts have already been identified to participate in the pathogenesis of peri-implantitis by upregulating both vascularity and matrix degradation (Bordin et al. 2009 ). Furthermore, marginal bone loss in early experimental periodontitis is believed to result in an imbalanced foreign body response (Albrektsson et al. 2013) , which is also known to involve the activation of fibroblasts. It is well known that the upregulation of inflammatory mediators and MMPs in peri-implantitis fibroblasts plays a role in the disease pathogenesis (Irshad et al. 2013) . In addition, levels of the anti-inflammatory cytokine IL10 have been found to decrease in peri-implantitis (Casado et al. 2013 ). These results are mirrored by the increased levels of proinflammatory interleukins, such as IL8 in peri-implantitis detected in this study. We already investigated the molecular profile of PDL fibroblasts from tissue of several patients with periodontitis as well as healthy controls at the messenger RNA (mRNA) level (Gersdorff et al. 2008) . Also here, we found that especially ECM molecules and those not primarily involved in inflammatory processes (e.g., collagen types I and IV) were downregulated, as were HSP90 or CD27, while the IL28 receptor was upregulated in the fibroblasts from the periodontitis tissues. Complete results can be found under GEO number GSE27993, and major differences between peri-implantitis and periodontitis tissues are detectable.
In addition, elevated levels of MMP8 and MMP7 have been found in the sulcular fluid of patients with periimplantitis (Kivelä-Rajamäki et al. 2003) and are believed to be responsible for the destruction of the tissue. Indeed, MMP8 and MMP7 levels were upregulated in the microarray presented here.
On the other hand, proteins such as BMP2 have been shown to enhance bone formation on titanium implants (Schliephake et al. 2012; Schliephake et al. 2008) , and BMP2/7 heterodimers have been found to exert osteogenic effects on implant surfaces (Sun et al. 2012 ). In the periimplantitis bone tissue investigated here, BMP7 was downregulated, and BMP2 was slightly upregulated. One might speculate that BMP2 takes part in a regeneration attempt in peri-implantitis and is responsible for the bone characteristics of the tissue investigated. PPARγ, an anti-inflammatory molecule, has been shown to inhibit inflammation and promote osteoblast function (Park et al. 2015) and was downregulated in the peri-implantitis tissues investigated in this study.
A clear limitation of the study is the small number of healthy controls (n = 2) in the microarray experiments and obviously the comparison of the results of isolated, cultured cells from the patients for Western blotting and FACS analysis with the results from the microarray and PCR of tissue samples from patients. However, the isolation and immortalization of the peri-implantitis bone tissue allows further investigations and the distribution of these cells among the interested scientists.
In conclusion, the present investigation indicates that, together with the process of inflammation, fibro-osteoblastic cells from the peri-implantitis bone tissues are also responsible for the failure of osteointegration by generating a tissue that is more fibrous and expresses less osteogenic markers.
